Introduction
The Staebler -Wronski effect describes the degradation of silicon-based thin film solar cells. The a-Si solar cell degradation depends strongly on operating temperature [1] . Light-induced degradation (LID), based on the work of Staebler and Wronski, is also observed in a-Si/μc-Si solar cells because of their amorphous layer [2] . The LID is also observed in µc-Si single solar cells [3] . In our work we show the influence of the light-induced degradation of the µc-Si layer on the diode equivalent circuit. The behaviour of the one-or two-diode model parameters is important to characterize the behaviour of silicon-based solar cells [4] . Until now the characterization of the a-Si/μc-Si solar cells is made by a one-/two-diode model. By this characterization, the tandem solar cells are defined as single-junction solar cell. This is difficult for characterization and improvement of tandem solar cells [4] , because decreasing effects cannot be assigned to a sub cell.
The performance of a-Si/μc-Si thin film solar cells in different climatic regions depends on the operating temperature condition and actual module temperature [2] . During the light-induced degradation, the operating temperature determines the amount of created dangling bonds. The lightinduced degradation in a-Si/μc-Si stabilizes after the first 400h at a degradation temperature of 50°C [2] . This degradation is visible at standard test conditions (STC), with an irradiation of 1000W/m², a cell temperature of 25°C and spectral distribution of AM1.5 [4] .
Method
The initial current-voltage-curves (I-V-curves) of a-Si/µc-Si mini-modules (size 37.95cm²) are measured with a sun simulator. Afterwards they are degraded under controlled conditions at constant temperatures and constant irradiation (1000W/m²). At fixed times the modules are measured at standard test conditions for controlling the status of LID. During the light-soaking of the solar cells, the I-V-curves of the solar cells were measured: The sun simulator has an irradiation of 1000W/m², AM1.5 spectrum and the cells are measured at 25°C.
In µc-Si layer in tandem solar cells, the LID is also visible [5] . This effect is weaker and higher temperatures for annealing are needed to compare to the LID in a-Si [6] . To examine the LID of the µc-Si cell, the solar cells were annealed at 150°C for several hours after the degradation. The annealing sets the parameters of a-Si back to their initial values. The µc-Si solar cells stay degraded because the healing of defects in µc-Si solar cells needs longer time or higher temperatures [3] . After annealing the a-Si/µc-Si tandem cells, they reach about 99.5% of their initial value.
The parameter for each diode equivalent circuit was extracted by the I-V-curve and a Matlab/ Simulink tool based on reference [7] . For approximation the method of Byrd et al. [8] is used. The accuracy of the solutions of the parameters by the simulation is depending on the starting parameters and how much data is inserted in the approximation: The most effective way here is to include the different status for each solar cell in one simulation: initial (a-Si and µc-Si cell are initial), annealed (aSi cell is initial and µc-Si cell is degraded) and degraded (a-Si cell and µc-Si cell are degraded) for each different temperature. The accuracy "acc" of the simulated data is defined as the metric distance between simulated (Isim for simulated current, Usim for simulated voltage) and measured values (Imeas: measured current, Umeas: measured voltage):
The accuracy is supposed to be minimized. By changing the starting parameters, a new acc is calculated. The difference between the new and the starting acc is used to calculate the new parameter sets as described in [8] . The algorithm is stopped as soon the changing of the parameters sets is lower than the stopping criteria.
The a-Si and µc-Si cells are connected in series. Each of the cells has a current source (Iph,a-Si, Iph,µc-Si), serial resistance (Rs,a-Si, Rs,µc-Si), parallel resistance (Rp,a-Si, Rp,µc-Si) and at least one diode (saturation current Is1,a-Si, Is1,µc-Si, diode factor n1,a-Si, n1,µc-Si). As supposed in [9] the one diode-model gives satisfactory results for a-Si cells. The µc-Si layer has a second diode (saturation current Is2,µc-Si, diode factor n2,µc-Si) [10] . This method is comparable to the method to observe the LID in a-Si cells [11] .
The temperature T, the Boltzmann constant k and elementary charge e are also part of the equivalent circuit (figure 1) and its equation (Equation 2-4): 
Results
As expected, the tandem solar cells are degrading during the first 100h. After annealing, the solar cell does not reach its initial state. The fill factor is still decreased by 1% after annealing the sample at 120°C at several hours. Each parameter of the µc-Si layer shows a variation in the value between the initial and the degraded state. The photocurrent Iph decreases up to 3% of the initial value, also the parallel resistance Rp,IS1 and n1 decreases. The serial resistance Rs increases, attention should be paid on the relation, that the serial resistance of the µc-Si layer is smaller than of the a-Si layer: Rs,µc-Si≈0.2Rs,a-Si. Also the saturation current IS2 and n2 increases, as seen also in the LID in the one-diode model of a-Si solar cells [11] . The changing in the extracted parameters from the experimental data for the degradation can be seen in 
Conclusions
In our work we observed the degradation in the µc-Si layer of tandem solar cells. This data was analysed by a simulation tool based on Matlab/ Simulink. By this simulation we can extract the parameters of the equivalent circuit for the µc-Si sub cell. By this extraction of these parameters we approach a model for the three-diode-model which was presented in this work. By this modelling we show that the degradation temperatures have a relevant influence on each parameter of the "three-diode-model". Previous research work observed the tandem structure only as one cell [12] or only observed the LID in the a-Si layer of tandem solar cells [11] . Our method and extracted data will help to improve the innovation and modelling of thin film silicon-based tandem solar cells.
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